INTRODUCTION
Transparent conducting oxides (TCOs) materials have many applications in numerous devices such as flat panel displays, solar cells, gas sensors and low-emissive windows (Coutts et al., 1999; Ginley and Bright, 2000) . Among various transparent oxides, the indium tin oxide (ITO), indium oxide (In 2 O 3 ), tin oxide (SnO 2 ), and zinc oxide (ZnO) are the dominant TCOs. Tin-doped indium oxide (ITO), with a typical electrical conductivity and transparency in the visible region is usually used in thin coating form. The developments of polycrystalline or amorphous transparent conducting oxide (TCO) semiconductors used for practical thin-film transparent electrode applications have been discussed in the literature during the last few years (Minami, 2005 et al., 2000) . Amorphous oxides have high electrical properties so that these properties are comparable with their crystalline phases. In amorphous compounds, there are not any crystalline nature and symmetry; therefore atoms have dangling bonds in any point of crystal. For example, in Si as a covalent material, the dangling bond states act as both electron and hole traps, since they are located at the center of the band gap. Therefore, electronical properties of this compound showed that the amorphous behavior of this element is increased electrical resistance in comparison with the crystalline nature (Mott, 1987) .
There are several drawbacks that could affect its future applicability. First, because of its relatively low conductivity, it is not suitable for large-area displays. Second, it is not suitable for many full-color displays, since it has a large optical absorption in the blue-green region (Ginley et al., 2005; Phillips et al., 1995) . Third, in certain device structures in which ITO have been used, there is lack of chemical instability, for example, organic light-emitting diodes. Regarding the thin film structure of TCO, there are many attempts to find alternatives for these materials which are less expensive and possess comparable or higher conductivity (Ott and Chang, 1999; Coutts et al., 2000) .
Recently, Ohsawa et al. (2011) showed that, Nb 12 O 29 film has transparent conducting properties with lowest resistivity of 3.3 × 10 -3 Ω·cm at room temperature. High transmittance ( 70% at wavelength of 435 nm and 50% at wavelength of 730 nm, 120 nm in thickness) in the visible is maintained with an optical band gap of 4.0 eV. Their results show that the optical dielectric constant and effective mass were both larger than those for conventional transparent conducting oxides, leading Nb 12 O 29 to exhibit high transparency.
Also, Noginov et al. (2011) and Lo et al. (2011) showed that despite of low loss, silver and gold are not suitable for a variety of nanoplasmonic applications in the infrared range, which require compact modes in single-interface plasmonic waveguides (Matsuishi et al., 2003) . At the same time, degenerated wide-band-gap semiconductors can serve as high-quality plasmonic materials at telecom wavelengths, combining fairly high compactness and relatively low loss. Their plasmonic properties in the nearinfrared can be compared to those of gold in the visible range.
The results obtained by Lo et al. (2011) showed a new transparent conductive oxide (TCO) layer with a monolayer of closed-pack Al-doped ZnO (AZO) spheres partly embedded in an AZO thin film. The average transmittance ratio in the wavelength range of 380-800 nm achieves 65 and 55%, respectively, when AZO spheres with a diameter of 500 nm are embedded in a thickness of 240 nm AZO thin films.
In this study, the effect of the substitutions of Sc, Y, La and Ac on the structural, the lattice parameter, the atomic positions, the band gap and the mobility of the carriers were studied. Moreover, the effect of dopant ionic radius on the electronic structure of In 2 O 3 -based TCO has been investigated in the order of: Sc (0.885 Å) < Y (1.04 Å) < La (1.172 Å) < Ac (1.260 Å).
The heavily n-doped of In 2 O 3 gives raise to a band-gap narrowing which is a consequence of many body effects on the conduction band. Alternatively, the band gap can also be altered by the local strains induced by the impurities. Local strains are able to change lattice parameters, therefore with changing volume, energy of lattice alter. So that, band gap of these compounds can be altering (Hayashi et al., 2005) .
A comparison of the structural, optical and electronic properties of the recently discovered nanoporous Ca 12 Al 14 O 33 TCO (Sushko et al., 2006 (Sushko et al., , 2007 Kajihara et al., 2007) , with those of the conventional TCOs (such as Sc-doped CdO) is given by Medvedeva and Freeman (2005) , which indicates that this material belongs conceptually to a new class of transparent conductors. 
METHOD OF CALCULATIONS
The calculations were carried out with a self consistent scheme by solving the Kohn-Sham equations using a FP-LAPW method in the framework of DFT along with the local density approximation (LDA) (Perdew et al., 1992; Peterson et al., 2000) using Wien2k codes (Blaha et al., 2011) . The calculation was performed with 1000 kpoints and Rkmax=6 (R is the smallest muffin-tin radius and kmax is the cut-off for the plane wave) for the convergence parameter in which the calculations stabilize and convergence in terms of the desired charge, for example, less than 0.001e between steps. The values of the other parameters are Gmax=12 (magnitude of largest vector in charge density Fourier expansion or the plane wave cutoff), the muffin-tin radii for In and O are RMT (In) =2.0 au and RMT (O) =1.6 au, respectively. The cut-off energy, which defines the separation of the valence and core states, was chosen -7 Ry.
In order to calculate the electronic properties of In2O3 by LDA+U, we assumed that the density matrix is diagonal and U is the same for all Coulomb interactions (Uij≡U) and J is also the same for all exchange interactions (Jij ≡ J). There are several methods to incorporate the U-term (Petukhov and Mazin, 2003; Novak et al., 2006) , but here we have used the self-interaction correction (SIC) introduced by Anisimov et al. (1993) as implemented in Wien2k package. In the LDA+U SIC methods, the total energy may be written as: N is the total number of electrons and nm, σ is the orbital occupancy of the -orbital in question (that is, s, p, or d orbital) with spin σ. With an approximated correction value of U-J for the selfinteraction correction, this is probably best for a strong correlated system and for a full potential method.
After examining and testing several values of Hubbard potential in order to adjust the In 4d orbital level in the DOS with the experimental value of about −15eV (Klein, 2000) as demonstrated in Figure 1 . The final Hubbard potential used in this work was Ueff=U-J=8.98eV for In atom.
The Brillouin zone of In2O3 with 3 Ia space group (number 206) can be shown either by primitive or conventional as indicated in Figure 2 (Bilbao, 2011) . In this paper, the effective electron mass of In2O3 and In1.5 T0.5O3 (T: Sc, Y, La and Ac) has been calculated for the six directions in the primitive and conventional Brillouin zones. 
The diagonal elements of the effective mass tensor, me, for the electrons in the conduction band were calculated in different directions in k space from the following well-known relations:
Structure optimization

Lattice parameters
From the literature, we know that the bulk elastic properties of a material determine how much it will compress under a given amount of external pressure. The ratio of the change in pressure to the fractional volume compression is called the bulk modulus (B) of the material and can be written as follows:
In term of energy, the bulk modulus is also defined by equation of state (EOS) and evaluated at the minimum:
The position of the minimum of EOS defines the equilibrium lattice parameter and unit cell volume at zero pressure. The static lattice potential corresponding to total energy was calculated from a series of strained lattices. From such results the equilibrium volume, bulk modulus and its pressure derivative were derived. A series of total energy calculation as a function of volume can be fitted to an equation of states according to Murnaghan (Murnaghan, 1944) :
Where B0 is an equilibrium bulk modulus that effectively measures the curvature of the energy versus volume curve about the relaxed 
Atomic relaxation
Most of structures have free internal structural parameters, which can either be taken from experimental or optimized using the calculated forces on the nuclei. Almost all optimization codes use what is called a quadratic approximation; they expand the energy in a form:
Where E* is the predicted energy for a step s from the current point, E and g are the energy and gradient (negative of the force), respectively, calculated at the current point and H is the Hessian matrix.
Different algorithms use different approaches to the Hessian matrix. The most primitive is steepest descent, which takes H as the unitary matrix so will take a step along the direction of the force (Marks, 2004) . For atomic relaxation of In2O3, we used the reversecommunication trust-region quasi Newton method from the Port library which seems to be stable, efficient and does not depend too much on the user input as implemented in Wien2k package.
RESULTS AND DISCUSSION
Structure
Indium oxide can exist in three different phases (Karazhanov et al., 2007) This phase of indium oxide has two non-equivalent sixfold coordinated cation sites, as shown in Figure 3 .
The two cation sites are referred to as equipoints "b" and "d". The b site cations have six equidistant oxygen anion neighbors, which lie approximately at the corners of a cube with two anion structural vacancies along one body diagonal (Wilson, 1992) . In this paper the b and d site cations are referred as cation I and II with (8a) and (24d) Wyckoff positions, respectively and oxygen's with (48e) Wyckoff positions.
The sites of the cations are coordinated to six oxygen anions at three different distances, which lie near the corners of a distorted cube with two empty ions along one face diagonal. The unit cell contains 80 atoms and crystallized in cubic bixbyite structure. The actual unit cell is body centered and contains 8 formula units of In 2 O 3 with 8 indium atoms at b positions, 24 atoms at d and 48 oxygen atoms at e positions.
The calculations were first carried out by applying the experimental data for the lattice constants. Then by minimizing the total energy of the crystal to the volume, the theoretical lattice constants were obtained. The final calculation was performed with the theoretical lattice constant and relaxed structure for In 2 O 3 . The relaxed structure is cubic with the same space group. The calculated results in this work, and the values obtained by the other methods are summarized in Table 1 .
We substituted the impurities in b positions, since at low temperatures the impurities prefer to sit at b positions (Gonzalez et al., 2001 
Band structure and band gaps
We have calculated the band gaps values of pure In 2 O 3 and alloyed In 1.5 T 0.5 O 3 from the band structure as shown in Figure 4 using LDA+U approach. to be direct at Γ with a value of 3.6 eV. Our calculated band gap is smaller than the experimental value but larger than results reported by other first principle approach (Table 3 ). This discrepancy mainly arises from the DFT approximation, which is known to underestimate the energy band gap of semiconductors and insulators. There are two indirect band gaps in the [111] and [110] directions, along Γ-N and Γ-H, with a value of 3.47 and 4.50 eV, respectively.
In Figure 4 , the first band gap E is the energy difference between the two lowest minimum energies in Ν−Ν direction. Experimental measurement on In 2 O 3 single crystals showed that there is a strong optical absorption with direct band gap at energy of 3.75 eV and a much weaker absorption at energy of 2.62 eV (Weiher and Ley, 1966) . According to results of Walsh et al. (2008) , the strong optical transition can occur from Γ 1 to Γ 3 as a direct band gap. The weaker absorption is from  2 to  3 as indirect band gap. In fact, the direct optical transitions at Γ from the valence band maximum (VBM) to the conduction band minimum (CBM) are parity forbidden and that the first strong transitions occur from valence bands 0.81eV below the VBM. In Figure 5 , a portion of calculate band structure of In 2 O 3 shows that the upper valence bands of In 2 O 3 exhibit a small dispersion and the conduction band minimum is positioned at Γ 3 point, this band gap discrepancy is consistent with the results reported by Walsh et al. (2008) .
The calculated values of these band gaps are presented in Table 3 . The value of a g E has been increased with doping Sc and Y due to the decrease in the lattice parameter while the La and Ac decreased was mainly due to expanding of lattice parameters. It can be seen from Kompany et al. (2007) the widening of band gap may appear from the anisotropic d orbitals of Sc and Y which rotate the p orbitals of the neighboring oxygen. Then the overlap of these p orbitals with In 5s state in the bottom of the conduction band increases, and hence leading to the widening of the band gap. The narrowing of band gap for impurities of La and Ac is a consequence of many body effects on the conduction band and that can also be altered by reduction of lattice parameters and the local strains induced by these impurities.
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Effective mass
Electron effective mass for pure and the alloys of In 2 O 3 are obtained from the curvature of the conduction band at Γ point. To illustrate how the alloying by transition metals alter the electronic band structure of the host material, we have enlarged the band structures of pure In 2 O 3 and alloyed with Sc, Y, La and Ac as illustrated in Figure 6 . The bottom of the conduction band structure for two directions Γ→X and Γ →H has been plotted.
The electron effective mass has been determined from fitting the electronic band structure to a parabolic function (Equation 3) for the six directions in the first Brillouin zone using LDA+U approaches. The values of calculated electron Table 4 . The effective free electron masses determined by GGA approach as a function of doping element for three directions in the Brilluoin zone are shown in Table 4 .
The results indicated that while the band gap values are sensitive to the values of Hubbard potential (U), the effective electron masses are not. Overall, the effective free electron mass did not change more than about 0.02 me units for LDA+U and GGA approach.
The electron mobility characterizes how quickly an electron can move through a metal or semiconductor. The relation between mobility and effective mass of electrons is reverse. The value of the electron effective mass in the conduction band is increased in all the six directions for alloys In 2 O 3 , so the mobility of electrons is decreased in these directions. The increase of the electron effective mass in indium oxide alloys with Ac is less than that for Sc, Y and La.
Density of states (DOS)
The results of density of states calculation show that the main contribution to the top of the valence band comes from Sc 3d, Y 4d, La 5d, Ac 6d and O 2p atomic orbitals as indicated in Figure 7 . The bottom of the conduction band is mainly formed from In 5s hybridized with O 2s orbitals, although the conduction band has contributions from all atoms. For In 2 O 3 , the high dispersion and s-type character in the bottom of the conduction band may also explain high conductivity, as a result of the high mobility of these states. The s-type character of this band results in an isotropic distribution of the electronic charge density and relatively low scattering.
The energetic position of In 4d state of In 2 O 3 , however, affects the hybridization of In 4d with O 2s and O 2p orbital, as shown in Figure 8 . In addition, while the In 4d, O 2p mixing is reduced, the In 4d, O 2s hybridization increases.
Regarding the In-O interaction, as indicated by Tanaka et al. (1997) from the overlap-population diagrams, the major part O 2s band is completely bonding and the In 4d band displays both bonding and anti-bonding contributions for almost the same amount. Due to the interaction between O-2p and In-4d orbitals near the top of the valence band, there is also an anti-bonding contribution. The O-O bond is less significant than the In-O bond. The In-In interaction is much weaker than the other two kinds of bonds. These kinds of interactions have also been observed experimentally by Barr and Liu using x-ray photoelectron spectroscopy (XPS) (Yang et al., 2005) .
Results of DOS calculation also yielded some information concerning the conduction bands of In 2 O 3 , In 1.5 Sc 0.5 O 3 , In 1.5 Y 0.5 O 3 , In 1.5 La 0.5 O 3 and In 1.5 Ac 0.5 O 3 . The Sc 4s, Y 5s, La 6s and Ac 7s states are found to lie high in the conduction band and thus do not hybridize with the In 5s states, as indicated in Figure 9 .
Therefore, the uniform electronic charge density distribution is not possible in the Sc, Y, La and Ac cases where the d-orbitals of the dopant ions hybridize only with the p-orbitals of the nearest oxygen neighbors.
The effect of dopant ionic radius
The calculated results indicated that the electronic structure and ionic radii of dopants have a significant influence on the electronic properties of In 2 O 3 crystals. It is found that Figure 10 . Yang et al. (2005) have doped CdO with the In, Sc, and Y, and found that dopant ion size and electronic configuration have substantial influence on the CdO-based TCOs crystal and band structure, especially on the energetic position and width of the highly dispersed conduction band, which provide necessary conditions for creating transparent conducting behavior with doping. They have also reported that, Y doping of CdO widens the optical band gap and doping with Sc (smaller dopant ionic radii) result in weaker Cd 5s-O 2p hybridization due to relaxation of the oxide anions around the dopant cations. However, our results of calculation and the effect of doped on electronic properties of In 2 O 3 are consistent with the theoretical and experimental results reported for Sc, Y and In doped CdO-based TCOs thin films and bulk materials (Dou et al., 1998) .
Conclusions
In this work, we have studied structural and electronic properties of In 2 O 3 and alloyed In 1.5 T 0.5 O 3 (T: Sc, Y, La, Ac) namely: the effect of dopant ionic size on the lattice parameters, Wyckoff positions of the atoms, the effective electron mass, the band gaps, and the conduction band orbital character, using DFT calculations with LDA+U. It is found that doping of Sc in In 2 O 3 shrinks the lattice while the other three dopants expand the lattice due to their ionic sizes. These shrinkage and expansion of the lattice change, affect the band structure and hence the band gap value.
We calculated the electron effective mass for pure and alloys In 2 O 3 in the primitive and conventional Brillouin zone. Our results showed that for alloys In 2 O 3 , the value of the electron effective mass in the conduction band has increased along the six directions, resulting in the decrease of the mobility of electrons. The calculated band structure revealed that the lowest conduction band of In 2 O 3 is formed from a highly dispersed single In 5s orbital, and the top of the valence band comes from the O 2p orbital. The results indicate that the ionic sizes of the dopants and their electronic configuration have significant influence on the structural and electronic properties of In 2 O 3 -based TCO crystals. It is found that the properties of In 2 O 3 alloy depends strongly on the degree of orbital hybridization between the dopant orbital and In 5s states. Our results also showed that In 5s states does not have significant hybridization with Sc 4s, Y 5s, La 6s and Ac 7s states.
